growth factors and proliferative indices, including VEGF, tenascin, TGF␤, PDGF, Ki-67, and bcl-2 in a series of brain cavernomas. Our aim was to define whether the indolent or progressive clinical behavior of both sporadic and familial forms is related to different expression of growth factors and proliferative indices in both cavernoma tissue and surrounding brain parenchyma.
Clinical Material and Methods

Patient Selection
We studied 43 brain cavernomas from the surgical database of cerebral vascular malformations resected in patients treated in our neurosurgical department between 1989 and 2002, with a minimum follow-up duration of 36 months. The study includes children and adults with sporadic or familial forms of cavernomas. An MR image was obtained and histological studies were performed in all patients.
Demographic Data
Of the 43 patients, 17 were male and 26 were female, and their ages ranged from 2 to 65 years (mean 31.6 years). Among them, 38 (88.4%) were adults and five (11.6%) were children younger than 15 years.
Factors that we statistically analyzed include the patient's age and sex, location and size of the cavernoma, clinical onset, familial occurrence, symptomatic hemorrhage, radiological evidence of enlargement of the cavernoma and mass effect, and de novo appearance.
To define whether the growth factors and proliferative indices may play a role in the familial occurrence and clinical course and progression of cavernomas, we have divided the 43 patients into two groups. Group I included 32 patients with indolent and stable lesions that exhibited the following features: sporadic occurrence, size less than 2 cm, absence of mass effect, and extralesional hemorrhage. As seen in Table 1 , Group II included 11 patients with cavernomas of 2 cm or more in size that exhibited one or more features suggesting a more aggressive clinical behavior. These included familial occurrence (six cases), documented growth (five cases, Fig. 1 ), mass effect (eight cases, Fig. 2 ), multiple lesions (five cases), and significant extralesional symptomatic hemorrhage (four cases).
Tumor Specimens
The histological sections were reviewed by two different pathologists (M.D.B.D.C. and C.M.), who were unaware of the clinicoradiological features of the tumors. Paraffin-embedded specimens were cut to obtain 5-m sections. These were dried in a stove at 60˚C for 24 hours; passed through a series of xylol, alcohol, and distilled water; and then processed in 3% H 2 O 2 for 10 minutes. The sections were placed in a citrate tampon in the microwave at 650 W (three cycles for 5 minutes) for antigen unmasking. Finally, they were incubated in a humid chamber with the primary antibody.
Immunohistochemical Studies
The immunohistochemical studies were performed for each specimen in samples obtained in the vessel walls (endothelium and subendothelium), the perivascular tissue, and the brain parenchyma surrounding the cavernoma (Fig. 3) . The expression of four growth factors was tested; these included VEGF (NeoMarkers; Stratech Scientific, Ltd., Soham, Cambridgeshire, United Kingdom; 1:50 overnight), tenascin (Dako Corp., Glostrup, Denmark; 1:200 for 30 minutes), TGF␤ (Santa Cruz Biotechnology, Inc., Heidelberg, Germany; 1:300 for 40 minutes), and PDGF (Santa Cruz Biotechnology, Inc.; 1:300 for 40 minutes). Specimens of skin for PDGF, breast for VEGF, gut for TGF␤, and connective tissue for tenascin were used as positive controls. The negative control was obtained by eliminating the primary monoclonal antibody. The sections were then washed in Tris buffer to eliminate the excess of antibody, incubated in a humid chamber with the secondary antibody for 20 minutes, and washed again in Tris for 5 minutes. For antigen detection, alkaline phosphatase was used for tenascin, and the streptavidin-biotin complex and diaminobenzidine were used for the other growth factors. The sections were then washed in water and stained with hematoxylin for 1 minute to display the nuclei. In this way, definitive slides were prepared for microscopy.
The presence of Ki-67 was determined by using the monoclonal antibody MIB-1 (Immunotech, Inc., Westbrook, ME; dilution 1:100, overnight incubation). The streptavidin-biotin system and the diaminobenzidine were used for antigen visualization. The proliferative compo-F. Maiuri, et al. nent was expressed as a nuclear marker (number of positive nuclei from five random centers). A specimen of breast carcinoma was used as a positive control. The expression of bcl-2 was determined by using the monoclonal antibody anti-bcl-2 (Menarini, Florence, Italy; 1:100, 1-hour incubation in a humid chamber).
Analysis of Immunostaining
Immunopositivity for all growth factors was graded as 0 (absent), 1 (slight), 2 (intense but focal), and 3 (intense and diffuse). The immunopositivity for Ki-67 and bcl-2 was graded as 0 (absent), 1 (positivity Ͻ 5%), 2 (positivity 5-10%), and 3 (positivity Ͼ 10%).
Statistical Analysis
Statistical analyses on contingent tables were conducted using commercially available software packages (SPSS version 13.0; SPSS, Inc., Chicago, IL; and Systat 11.0, Richmond, CA). The rate of positivity of the growth factors and proliferative indices in the two groups of patients was compared using the Pearson chi-square test and the Fisher exact test (two-tailed). The level of significance was set at a probability value of 0.05.
Results
The location of the cavernoma was frontal in 16 cases (37.2%), temporal in 10 (23.2%), parietal in nine (20.9%), occipital in two (4.7%), cerebellar in five (11.7%), and pontine in one (2.3%). The sizes ranged from 0.5 to 6 cm (mean 2 cm). The clinical onset was characterized by epileptic seizures in 26 cases (60.5%), focal neurological deficits in eight (18.6%), and symptomatic extralesional hemorrhage in four (9.3%), whereas in five patients (11.6%) the cavernoma was discovered incidentally during neuroimaging studies for unrelated symptoms.
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Immunohistochemical Analysis
The immunohistochemical studies of growth factors and proliferative indices provided the following results (see also Table 2 ). The VEGF expression was positive in the endothelium, subendothelium, and perivascular tissue in 36 (83.7%) of 43 cases, manifesting mainly with slight or intense but focal positivity. On the other hand, perilesional brain parenchyma showed negative expression in all but two cases (p Ͻ 0.001). The cavernoma walls and perivascular tissue stained positively for tenascin in 36 (83.7%) of 43 specimens, manifesting mainly as slight or intense but focal. In contrast, the perilesional brain parenchyma showed positive expression in only 10 cases (23.3%) (p Ͻ 0.001).
The TGF␤ expression was positive in the cavernoma walls and perivascular tissue in 25 cases (58.1%) and in the perilesional brain parenchyma in 17 (39.6%) (p = 0.13).
The PDGF expression was positive in the vessel walls and perivascular tissue in 41 cases (95.4%), mainly with intense (focal or diffuse) positivity, and perilesional brain parenchyma showed positive expression in 12 cases (27.9%) (p Ͻ 0.001).
The expression of Ki-67 and bcl-2 in the cavernoma walls and perivascular tissue was negative in 35 (81.4%) and 33 (76.7%) cases, respectively. In seven and eight cases, respectively, Ki-67 and bcl-2 showed slight positivity of less than 5%, whereas in only one case of multiple cavernomas was there intense positivity (40% for Ki-67 and 15% for bcl-2). The expression of both markers in the perilesional brain parenchyma was negative in all but one case (p Ͻ 0.001 for both markers).
Correlations of Clinical and Immunohistochemical Data
Analysis of the clinical and immunohistochemical data of the two groups provided the following results (see also  Tables 3 and 4) .
Group I patients had a slightly higher mean age than those in Group II (35.4 compared with 25.2 years); all five children younger than 15 years were in Group II, which consisted of patients with more aggressive cavernomas. There were no significant differences in cavernous angioma locations in the two groups.
From the clinical viewpoint, in Group I there was a large prevalence of patients with epileptic seizures as the clinical presentation (24 [75%] of 32 cases) and five (15.6%) asymptomatic cases were diagnosed incidentally. On the other hand, Group II included five patients with neurological signs of mass effect, four with acute onset due to hemorrhage, and two with epileptic seizures. The differences in expression of growth factors and proliferative indices between the two groups are summarized in Tables 3 and 4. The analysis of growth factor expression in the endothelium, subendothelium, and perivascular spaces of the cavernoma (Table 3) showed a high rate of positivity for VEGF, tenascin, and PDGF in both groups. The differences in the expression of these three growth factors were not significant (p = 0.656, p = 0.656, and p = 1, respectively). The TGF␤ was positive in all Group II cases and in only 14 (43.7%) of 32 patients in Group I (p = 0.001).
In cases with positive expression, the positivity was mainly slight or intense but focal in Group I, in which only five cases showed intense or diffuse positivity for PDGF, with one positive for VEGF and tenascin as well. On the other hand, positive cases in Group II mainly showed intense positivity (focal or diffuse), particularly for tenascin and PDGF.
The expression of proliferative indices was significantly different in the cavernoma tissue of the two groups, F. Maiuri, et al.
with eight (72.7%) of 11 cases positive for both indices in Group II. In comparison, no cases in Group I were positive for Ki-67 and only two (6.25%) of 32 cases were positive for bcl-2 (p Ͻ 0.001 in both instances).
The analysis of growth factor expression in the perilesional brain parenchyma showed significant differences between the two groups (Table 4) . Group II lesions, which included more aggressive cavernomas, showed a significantly higher rate of positivity for tenascin (p = 0.092), TGF␤ (p = 0.014), and PDGF (p = 0.047) than the lesions in Group I, whereas the expression of VEGF was negative in more than 90% of the cases in both groups (p = 1). As expected, the expression of proliferative and apoptotic indices (Ki-67 and bcl-2) was also negative in all cases in both groups, except the slight (1%) and nonsignificant positivity in one case in Group I.
Discussion
Brain cavernomas are malformative lesions occurring with an incidence of 0.3 to 0.6% in the general population. In the past, cavernous angiomas were considered to be biologically stable, nondeveloping lesions. 2, 8, 21, 27 However, investigators in several studies 3, 13, 31, 32, 41 have described the enlargement and de novo formation of cavernous angiomas, 5, 9, 14, 22, 24, 26, 31, 36 thus confirming that these are dynamic and sometimes acquired lesions with potential clinical and biological progression. 15, 22, 31 Cavernous angiomas develop embryologically from malformed capillaries of the intraneural vascular territory that slowly enlarge and undergo obliteration and progressive fibrosis; gliosis of the interposed nervous tissue results in its complete destruction. Thus, the cavernoma develops in the final arrangement of the partially or completely thrombosed vascular malformation without interposed nervous tissue.
Although the biological progression of cavernous angiomas is well recognized, the mechanisms of enlargement and growth are still being debated. Mechanisms of the malformation enlargement are well defined, and they include the following: 1) progressive ectasia of the vascular channels; 2) thrombosis of the contiguous vascular channels with fibrosis; 3) peripheral blood collections undergoing connective organization; and 4) formation of peripheral cysts resulting from internal hemorrhage. In some reports, 20, 34 however, investigators have suggested a role for proliferative mechanisms in the enlargement and growth of cavernous angiomas. These mechanisms include endothelial proliferation and neoangiogenesis, which are regulated by growth factors and ECM proteins.
Some recent immunohistochemical studies have shown expression of both proliferative indices and angiogenic and growth factors in brain cavernomas. 6, 29, 37, 43, 45, 46, 48 Our study confirms that cavernomas express the main growth factors involved in angiogenesis.
A glycoprotein that mediates various phases of blood vessel development during vasculogenesis, VEGF was expressed in 83.7% of cavernous angiomas in our series and in 90 to 97% in two other studies, 18 ,48 whereas Sure, et al., 42 found a lower rate of positivity (37.5-41%). In agreement with the results of Kilic, et al., 18 we found positive expression of VEGF, both in the vessel walls and in the interspaces between blood cavities.
The TGFs, a group of dimeric proteins that may hinder the growth of several cell types, regulate angiogenesis by stimulating the formation of blood vessels, and they also contribute to the formation and maintenance of the ECM. We have found TGF␤ isomer expression in 54.2% of cavernous angiomas in our series. Two other studies 18, 48 report
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Tenascin, a glycoprotein of the ECM, is expressed during embryonic life and is absent in the normal brain. Evidence of this growth factor has been found in the vessels of anaplastic gliomas, and it is considered a marker of vascular proliferation for intracerebral growing lesions. We have found tenascin expression in 36 (83.7%) of 43 cavernomas. Viale, et al., 46 also found expression of tenascin-c in all 16 cavernomas in their series. The expression of tenascin in many cases of cavernous angiomas confirms the growth potential of such malformations.
A protein isolated from human platelets, PDGF stimulates the proliferation of connective and neuroglial cells and may play an important role in angiogenesis. The expression of PDGF has been described in some brain tumors, whereas there are no reports concerning this growth factor in cerebral vascular malformations. We found positive PDGF expression in 95.4% of cavernomas in the present series.
Therefore, this study confirms that cavernous angiomas strongly express some growth factors involved in the angiogenesis and formation of the ECM. Such factors are also expressed in some brain tumors, mainly in gliomas. This might indicate a growth potential for these vascular malformations.
The proliferative indices Ki-67 and PCNA were tested in four previous studies; the Ki-67 was always negative, 42, 43, 48 whereas PCNA was positive in the nuclei of endothelial cells in 85% of cavernomas in two studies. 29, 42 Although both label proliferative cells, the significantly different expression of Ki-67 and PCNA may be explained by their different half-lives. 43 We have found Ki-67 positivity in the endothelium of eight (18.6%) of 43 cavernomas in our series; all positive cases were lesions with more aggressive clinical behavior (Group II). This may explain the different results compared with other studies in which the clinical behavior of the examined cavernomas was not considered.
Apoptosis is known to be involved in the development and malignant progression of brain gliomas. It is regulated by the balance between antiapoptotic proteins (bcl-2 and bcl-XL) and proapoptotic proteins, which may activate the caspases. Only two reports have detailed the role of apoptosis in cavernous malformations.
6, 44 Takagi, et al., 44 found caspase-3 immunoreactivity in the endothelium, subendothelium, and intercavernous matrix in all five cavernous angiomas in their series. Cheng, et al., 6 found increased expression of the antiapoptotic protein bcl-2 in 10 cavernomas. We have found bcl-2 positivity in 10 (23.3%) of 43 specimens.
In this study, the reactive normal brain tissue adjacent to the cavernoma was found to express tenascin, TGF␤, and PDGF, although in a rate significantly lower (20-27.5%) than that found in the cavernoma tissue. The expression of these growth factors may reflect the gliotic reaction of the adjacent brain to repeated hemorrhages. Nevertheless, VEGF was not expressed in the reactive brain tissue, as was reported by Kilic, et al., 18 probably because of the sparse angiogenic reaction in the brain adjacent to the cavernomas.
In several reports, researchers have investigated the natural history of cerebral cavernomas, both the sporadic and familial forms. 2, 7, 8, 15, 19, [21] [22] [23] 30 They confirm that some cases show a more aggressive course. Factors associated with clinical and radiological progression include age, familial occurrence, large size with mass effect, documented growth, de novo appearance, and significant hemorrhage. Evolutive cavernomas are more frequent in infancy, mainly in the 1st year of life. * Immunopositivity scale for growth factors: 0 = absent; 1 = slight; 2 = intense but focal; 3 = intense and diffuse. Immunopositivity scale for Ki-67 and bcl-2: 0 = absent; 1 = positivity less than 5%; 2 = positivity 5 to 10%; 3 = positivity greater than 10%. somal-dominant trait, more aggressive behavior, and a higher rate of multiple localizations (66 compared with 10%) than the sporadic cases. 15, 23 In a series of 40 familial cerebral cavernomas, Labauge, et al., 22, 23 found changes in size in 70%, bleeding in 35%, and de novo lesions in 27.5%. However, factors related to this more aggressive course have not been defined.
Very large cavernomas (up to 6-7 cm in diameter) are unusual and are associated with symptoms and signs of mass effect; in some cases a growth of the mass has been documented on serial CT and MR imaging studies. 4, 13, 29, 31, 32, 38 Progressive thrombosis of the vascular channels, conspicuous or recurrent intralesional hemorrhages, and formation of both intralesional and extralesional cysts account for the large or increasing size of some cavernomas.
De novo formation of cavernomas has been reported in both sporadic and familial cases, 1, 9, 16, 22, 26, 31, 36, 39, 40 sometimes after radiation therapy 10, 14, 24 or immunosuppressive treatment. 5 Whether the de novo appearance may be due to the growth of small lesions that were previously undetectable, or neuroimaging, or to truly de novo, acquired lesions caused by pathological angiogenesis is still unclear. It is likely that in patients who have previously undergone radiation therapy, the treatments may stimulate endothelial proliferation and angiogenesis, thus leading to cavernoma formation.
Our study was conducted to investigate whether the familial occurrence and the more aggressive clinical course of some brain cavernomas may be correlated with differences in the expression of growth factors and proliferative indices. Thus, we have compared the immunohistochemical data found in more aggressive cavernomas with larger (Ͼ 2 cm) size, mass effect, documented growth, and significant extralesional hemorrhage with those of stable and sporadic cavernomas that have no symptoms or only occasional seizures. No previous reports have investigated this correlation. Only Jung, et al., 17 found increased VEGF expression in a case of multiple cavernomas with a progressive course.
Analysis of the growth factors in the cavernoma tissue (vessel walls and perivascular tissue) shows a higher rate of positive TGF␤ expression in the group of more aggressive lesions, whereas the expression of VEGF, PDGF, and tenascin showed no differences between the two groups. On the other hand, more aggressive cavernomas exhibit a significantly higher expression of TGF␤, PDGF, and tenascin in the perilesional reactive brain parenchyma, whereas VEGF expression is always absent in both stable and aggressive lesions.
The significantly higher expression of all growth factors except the VEGF in the perilesional brain parenchyma in cases of cavernomas with documented growth, significant perilesional hemorrhage, and large size (Յ 6 cm) is a very interesting finding in our opinion. The enlargement of the cavernomatous matrix may be due to reendothelialization within the small hematoma 28, 39 or to stimulation of connective tissue proliferation by hemorrhage and neovascularization. 25 In all these cases, the expression in the perilesional brain parenchyma of TGF␤, PDGF, and tenascin, which are all involved in the formation of the ECM, may reflect glial proliferation in the surrounding brain. This suggests that the perilesional brain parenchyma surrounding more aggressive cavernomas might be predisposed to receive the growing cavernomatous matrix.
The absence of VEGF expression in the perilesional brain of all but two cavernomas in our series, which included both stable and aggressive lesions, may indicate the absence of true angiogenesis in the brain vessels. The VEGF is an important growth factor involved in the progression of brain gliomas, where it is correlated with the tumor grade and vascularization. On the other hand, its role in the progression of cavernous angiomas is controversial.
Jung, et al., 17 found a significant increase in VEGF expression in the pathological specimens as well as increased concentration of this factor in the serum of a patient with multiple growing and de novo cavernomas that were causing multiple intracerebral microhemorrhages. These authors speculated that the endothelial proliferation induced by VEGF is an important element in the development of brain cavernomas. The data in our study do not support this statement. In fact, we found no statistically significant difference in the VEGF expression, either in the cavernomatous tissue or in the perilesional brain parenchyma, between stable and more aggressive forms. This suggests that the significant increase of VEGF expression in some cases may reflect a nonspecific pathological reaction to intracranial hemorrhage rather than a true endothelial proliferation.
The results of proliferative indices are another interesting finding in our study. The expression of both the Ki-67 labeling index and bcl-2 was absent in the group of stable lesions, and it was positive in eight (72.7%) of the 11 more aggressive cavernomas. This may indicate a tendency in larger cavernomas toward growth accompanied by clinical progression.
Conclusions
The expression of some growth factors (such as VEGF, TGF␤, PDGF, and tenascin) in brain cavernous malformations shows that they are dynamic lesions with growth potential, even when they are observed as stable lesions with an indolent course.
More evolutive cavernomas are associated with a significantly higher expression of Ki-67 and bcl-2, as in other proliferative lesions.
The perilesional brain parenchyma surrounding caver-
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nomas that exhibit more aggressive clinical behavior expresses TGF␤, PDGF, and tenascin at a significantly higher rate than is found in stable and more indolent lesions. This may indicate that the perilesional nervous and glial tissue may be predisposed and recruited for further growth and progression of the cavernoma, ultimately adding new blood cavities for the enlargement of these lesions.
